The nuclear envelope (NE) is a specific extension of the endoplasmic reticulum (ER) that wraps around the nucleus and enables the spatial separation of gene transcription and protein translation, one of the signature features of eukaryotes. Rather than being completely closed, the double lipid bilayer of the NE is perforated at sites where the inner and outer nuclear membranes fuse, resulting in circular openings lined with sharply bent membranes. These openings are filled with nuclear pore complexes (NPCs), enormous protein assemblies that facilitate nuclear transport. The scaffold components of the NPC surprisingly share interesting similarities with elements of coat protein complexes, which have general implications for function and evolution of these membrane-coating complexes. Here I discuss, from a structural perspective, what these findings might teach us.
A s discussed in other articles, the endoplasmic reticulum (ER) is a structurally and functionally diverse organelle. The nuclear envelope (NE) is perhaps the most extreme substructure of the ER. It consists of two flat nuclear membrane sheets that are kept apart in a well-defined distance of 5 nm and that encapsulate the genetic material of the eukaryotic cell (Stewart et al. 2007; Mekhail and Moazed 2010) . The area between the outer nuclear membrane (ONM) and the inner nuclear membrane (INM) is called the perinuclear space (PNS), and it is continuous with the remainder of the ER lumen. The INM and ONM are fused at approximately seven sites per square micrometer (Dultz and Ellenberg 2010) , resulting in circular openings with a diameter of 100 nm. These openings are the main portals for molecular exchange between the nucleus and the cytoplasm. Traffic is regulated by nuclear pore complexes (NPCs) that fill the portals Hetzer and Wente 2009; Wente and Rout 2010) . In many ways, NPCs are unique structures:
1. Unlike any other membrane transporter, they have an enormous cargo spectrum ranging from small metabolites and ions to nucleic acids and proteins up to the megadalton sizes of ribosomal subunits and some viral capsids.
2. Transport is uniquely regulated via a gradient of the small G-protein Ran and its two nucleotide-bound states (Görlich and Kutay 1999) .
3. An aqueous gel made of fiber-like polypeptides that fills the central transport gate is thought to provide a sieve to limit uncontrolled exchange of large molecules (Hüls-mann et al. 2012 ).
The enormous size and complexity of the NPC have long prevented a detailed analysis. Only in recent years have studies begun to dissect the molecular architecture of the NPC, and we are only now beginning to understand the myriad functions of this assembly. Despite the uniqueness of the NPC, its scaffold parts share intriguing structural similarities with vesicle-coating proteins. Based on evolutionary considerations and structure prediction, such similarity was first postulated in 2004 (Devos et al. 2004; Mans et al. 2004 ). X-ray crystallographic analysis of vesicle coat proteins and the NPC scaffolding units has firmly established specific relationships and has also revealed where there are differences ).
THE OVERALL STRUCTURE OF THE NUCLEAR PORE COMPLEX
The NPC is a massive protein assembly, composed of about 30 different proteins, called nucleoporins, or nups (Alber et al. 2007; Grossman et al. 2012) . In electron micrographs, NPCs appear as hollow cylinders with distinct cytoplasmic and nucleoplasmic faces, and have an overall eightfold rotational symmetry (Goldberg and Allen 1996) . The best-resolved NPC images are obtained by cryoelectron tomography (cryo-ET), reaching a resolution of up to 6 nm ( Fig. 1 ) (Beck et al. 2004 (Beck et al. , 2007 Maimon et al. 2012) . In cryo-ET, various building blocks of the NPC can be distinguished, yet individual proteins are not resolved. On the cytoplasmic side of the pore, fiber-like extensions emanate from the central NPC mass. On the nucleoplasmic side, eight filaments protrude and cojoin in a narrow ring, a component named a "fishtrap" or "basket." The central Figure 1 . The nuclear pore complex. (A) Cryo-electron tomographic reconstruction of the NPC from Dictyostelium discoideum at 6-nm resolution. Cutaway view across the nuclear envelope (NE). The NPC appears organized into three stacked rings that cover the circular openings in the NE. NPCs show eightfold rotational ring symmetry. On the nucleoplasmic side, eight filaments protrude and cojoin in a ring. This resolution reveals the overall dimensions of the NPC and its most prominent features (labeled). (B) Nucleoporins are organized into subcomplexes that are well conserved across divergent eukaryotes. The main NPC scaffold is likely made up of two heteromeric subassemblies, the Y-complex (dark blue) and the Nic96 or Nup93 complex (light blue). The components of these subassemblies have architectural domains, mainly composed of a-helical stack domains and b-propellers. These scaffold complexes are connected to the pore membrane via membrane proteins (yellow). The other subassemblies of the NPC decorate the main scaffold and perform the many functions of the NPC. mass is organized in three electron-dense stacked rings, interspersed with less-dense zones. These stacked rings comprise the basic scaffold nucleoporins. The functionally most significant phenylalanine-glycine (FG)-rich fibrous extensions, which line the central transport gate, make up 20% of the NPC mass and act as the sizeexclusion barrier. The FG fibers are invisible in the cryo-ET reconstructions, presumably because of their intrinsic disorder. Overall, NPCs are 100 nm in diameter, and in cross section showan hourglass shape. The narrowest constriction, 50 nm in the center, roughly defines the upper transport limit of the NPC (Pante and Kann 2002) . It is thought that about 500 individual nucleoporin molecules make up one NPC, which amounts to a size of 40-60 MDa (Alber et al. 2007) . Although the set of about 30 nucleoporins is quite similar between highly divergent eukaryotes (Rout et al. 2000; Cronshaw et al. 2002; Degrasse et al. 2009; Neumann et al. 2010) , the height of the NPC from these different species is not very well conserved (Elad et al. 2009 ). This difference could be the result of a few nucleoporins that are species specific and thus influence the assembly differently. Or alternatively, it may reflect a difference in the copy number of scaffold nups.
NPCs are dynamic assemblies. Although some nucleoporins are stably attached, at least one-third of them dissociate and associate rather rapidly (Rabut et al. 2004) . The scaffold structure of the NPC is most likely very stable, because there is virtually no turnover of its components (D'Angelo et al. 2009; Savas et al. 2012) . The scaffold may resemble a coat made of approximately 15 nucleoporins that covers the pore membrane and that forms attachment sites for the more mobile, peripheral nucleoporins.
THE SCAFFOLD COMPONENTS OF THE NPC
The principal scaffold of the NPC can be divided into several subcomplexes (Fig. 1B) . First, the NPC is anchored to the sharply curved pore membrane via a set of membrane proteinsNdc1, Pom152, and Pom34-in yeast. (The nomenclature for nucleoporins is confusing because many homologous proteins have different names in yeast versus metazoans; therefore, for simplicity, I exclusively use the yeast nomenclature unless explicitly stated otherwise.) These proteins interact with soluble nucleoporins that line the pore membrane. Two of the soluble scaffold protein subcomplexes likely make up the central, symmetrical core of the NPC. These two subcomplexes are the heteromeric Y-complex and the heteromeric Nic96 complex.
The Y-complex, so named because of its Y-shaped appearance in electron micrographs (Lutzmann et al. 2002; Kampmann and Blobel 2009) , is composed of a universally conserved core set of seven proteins: Nup133, Nup84, Nup145C, Nup85, Nup120, Seh1, and Sec13. In some species, up to three additional proteins (Nup37, Nup43, and ELY5/ELYS) extend the Y-complex. Crystal structures of several 40-to 135-kDa fragments of the 575-kDa conserved Y-complex core are available and account for a combined 90% of the structure (Berke et al. 2004; Brohawn et al. 2008; Leksa et al. 2009; Nagy et al. 2009; Whittle and Schwartz 2009 ). All proteins fold into elongated, stacked a-helical domains or b-propeller domains, or binary combinations thereof. Both fold types are often used in modular protein assemblies; thus, it is fitting that they appear abundantly in the NPC.
The Nic96 complex is composed of at least five nucleoporins: Nic96, Nup188, Nup192, Nup53/59, and Nup157/170 (Nehrbass et al. 1996; Zabel et al. 1996; Franz et al. 2005; Hawryluk-Gara et al. 2008; Makio et al. 2009; Onischenko et al. 2009; Theerthagiri et al. 2010; Amlacher et al. 2011 ). In Saccharomyces cerevisiae, Nup53 and Nup157 have two mostly redundant orthologs as a result of whole-genome duplication. Similar to the Y-complex, structural studies have revealed that, except for Nup53 (Handa et al. 2006) , all Nic96 complex components are also composed of b-propeller or a-helical stack domains (Jeudy and Schwartz 2007; Whittle and Schwartz 2009; Flemming et al. 2011) . In contrast to the Y-complex, however, only isolated domains and no assembled complexes have been determined for the Nic96 substructure. Therefore, the three-dimensional (3D) arrangement of the Nic96 complex has not been determined.
Even though one can grossly classify the scaffold nucleoporins into just two folding types, analyzing the individual structures with attention to more detail reveals more significant functional features. Compared with other bpropeller proteins, Sec13 and Seh1 are unusual. Instead of being closed and seven-bladed as most b-propellers are (Chaudhuri et al. 2008; Stirnimann et al. 2010) , they are open and sixbladed. The Sec13 and Seh1 interaction partners, Nup145C and Nup85, respectively, insert a seventh blade into the propeller to close it in trans, generating a substantial interface area that helps to stabilize the interaction (Brohawn et al. 2008; . In COPII, Sec13 interacts very similarly with Sec31 and Sec16, respectively (Fath et al. 2007; Whittle and Schwartz 2010) . So far, this particular interaction type has only been detected in Sec13 and Seh1.
The a-helical stack domains can be classified into several classes based on how well they superpose onto one another. The first such class is the group of nucleoporins that share the ancestral coatomer element ACE1 (Brohawn et al. 2008) . ACE1 is a 65-kDa tripartite module of 28 core a-helices. Although helical stacks are typically unidirectional, ACE1 has a characteristic fold-back topology (Fig. 2) . The first five ahelices zigzag up on one side of the module, within helices a5-a11 ACE1 folds back, and a-helices a13 -a28 zigzag down on the opposite side of a1-a5. The fold-back architecture might equip ACE1 proteins with higher rigidity than the pairwise helical stacking found in many canonical helical repeat proteins.
Nup133 and Nup157 define a second class of closely related nups . They both combine a canonical aminoterminal, closed seven-bladed b-propeller with an extended 60-to 70-kDa a-helical stack domain. Both domains are merely tethered and can likely adopt multiple orientations with respect to each other. Rather than forming a continuous stack of paired helices, the helical stack is organized into several short, consecutive modules (Fig. 3) .
Nup120 is a unique architectural nucleoporin. It starts with an amino-terminal b-propeller that is interrupted by an a-helical insert
Figure 2. The ancestral coatomer element ACE1. Four nucleoporins (Nic96, Nup84, Nup85, Nup145C) share a specific a-helical stack domain with Sec31 and Sec16 of the COPII vesicle system. The six proteins are aligned such that ACE1, shown in a blue-white color gradient from the amino to the carboxyl terminus, is oriented similarly. ACE1 is characterized by a fold-back architecture, which is highly unusual for a-helical stack domains. The 65-kDa ACE1 core has 28 a-helices. In Nup84, Nup85, and Nup145C, parts of the ACE1 domain are homology-modeled (shaded boxes) based on the Nic96 structure. Nup85, Nup145C, Sec31, and Sec16 bind the six-bladed, open b-propeller proteins Seh1 and Sec13 (gray), respectively, by inserting a seventh blade. The orientation relative to the ACE1 domain can vary. Sec31 contains an additional b-propeller at its amino terminus. ACE1 has not yet been found outside of the NPC and COPII, indicating a distinct evolutionary relationship.
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between blades 6 and 7 (Leksa et al. 2009 ). Unlike the Nup133/Nup157 class, the b-propeller is integrated with an irregular a-helical segment to form a compact 80-kDa domain. So far, no other protein outside the NPC has been found to have a similar architecture. Only the carboxyterminal 40-60 kDa of Nup120 folds into a regular HEAT-repeat structure ( Fig. 3 ) (Bilokapic and Schwartz 2012). The largest architectural Nups are Nup188 and Nup192. Although crystal structures are not available yet, electron microscopic studies combined with structure prediction suggest that these Nups might form extended, spiraling HEAT-repeat stacks, similar to the nuclear transport receptors Flemming et al. 2011) . Thus, Nup188 and Nup192 are likely to form yet another subclass of a-helical, stack domains.
COMMONALITIES BETWEEN THE NPC SCAFFOLD AND VESICLE COAT PROTEIN COMPLEXES
Although obtaining crystal structures of NPC subcomplexes is necessary for understanding the complete NPC scaffold structure, they alone are insufficient for building an accurate 3D model. Currently two main problems exist: (1) the interactions between subcomplexes are weak and experimentally poorly defined (Alber et al. 2007; Fernandez-Martinez et al. 2012) ; and (2) fitting subcomplex crystal structures into the cryo-ET structures is not yet possible because of their insufficient resolution (Beck et al. 2007; Maimon et al. 2012) . The cryo-ET field is likely to improve resolution such that docking of large subcomplexes should become possible. In addition, single-particle cryo-EM has not been used for NPC components yet, and it should also help bridge the resolution gap between crystallographic and cryo-ET studies.
A major breakthrough was the discovery that the NPC shares surprising similarities with vesicle coat complexes. In the early 2000s, various groups speculated that such a connection might exist, mainly spurred by two observations. First, it was established that the COPII coat component Sec13 (Pryer et al. 1993 ) is also a bona fide nucleoporin (Siniossoglou et al. 1996) . Second, advanced protein structure prediction methods became available and were able to detect phylogenetic relationships between proteins with very low sequence similarity. On that basis, a common origin of various coat complexes was postulated (Devos et al. 2004 (Devos et al. , 2006 Mans et al. 2004 ). However, specific relationships between individual proteins were not detected until 2008, when the crystal structure of the Seh1 -Nup85 complex was published (Brohawn et al. 2008) . Now, it became apparent that four nucleoporins-Nic96, Nup84, Nup85, and Nup145C-all share their 65-kDa ACE1 domain, introduced above, with the COPII component Sec31 (Fig. 2) . This is remarkable, given that the sequence identity between these proteins can be as low as 8% -10%. In addition to the shared ACE1 element, the interaction of Nup85 with the Sec13-homolog Seh1, an insertion of a seventh blade into the open, six-bladed b-propeller, is very similar in Nup145C-Sec13 Nagy et al. 2009 ) and also in Sec31 -Sec13 (Fath et al. 2007 ). This relationship indicated that these elements of COPII and the NPC likely share a common ancestor. But how does that help to decipher the structure of the NPC? Clues regarding how the NPC might assemble from its subcomplexes come from more advanced knowledge regarding the structure of the COPII coat.
THE CAGE STRUCTURES OF VESICLE COATS
The assembly of COPII and clathrin cages is quite well understood because these systems have been studied more extensively than the NPC and both are much simpler in construction, because they are built from fewer components. Most importantly, both cages can be reassembled in vitro from purified components, such that cryo-EM studies in combination with X-ray crystallography revealed pseudoatomic resolution for both systems (Fig. 4) (Fotin et al. 2004; Stagg et al. 2006; Fath et al. 2007 ). The COPII system is described in detail in the article by Lord et al. (2013) . Here I focus on structural aspects and the comparison with the NPC.
In the COPII cage, the outer coat is entirely built from heterotetrameric Sec13 -Sec31 units (Stagg et al. 2006; Fath et al. 2007 ). These form elongated edge elements, capped on both ends with two b-propeller units (Fig. 4) . The outer Sec31 b-propeller engages with three neighboring Sec31 b-propellers to form a vertex element. Several cages have been observed, which differ in the number of edge elements per cage (Stagg et al. 2008) . To accommodate different numbers of edge elements per coat, the angle between neighboring edge elements changes to adjust for different radii. Some known cargo, like chylomicrons and procollagen fibers, would still not fit into the COPII coats that have been assembled in vitro and need even larger assemblies. Recently, it was shown that monoubiquitinylation of Sec31 might regulate coats and would enable the formation of giant-sized COPII cages (Jin et al. 2012) . It should be noted that another architectural factor, Sec16, is also found at ER exit sites (ERESs) (Connerly et al. 2005; Hughes et al. 2009 ). Sec16 can interact with all COPII components; for example, contact with Sec13 is mediated by an ACE1 domain just as is seen in the interaction between Sec13 and Sec31 (Whittle and Schwartz 2010) . Additionally, as seen with Sec31, two Sec16 molecules form homodimers. Why then is Sec16 not found in the assembled COPII coat? In contrast to Sec31, Sec16 does not contain its own bpropeller domain; thus, it presumably cannot form vertices. Although the molecular details of Sec16's role in COPII are still unclear, it seems most likely that it is a general assembly factor of COPII formation (Zanetti et al. 2012) .
The clathrin coat is also constructed from separate outer and inner coats (Fotin et al. 2004; Edeling et al. 2006) . The outer coat is built from two proteins: 190-kDa clathrin heavy chain (CHC) and 25-kDa clathrin light chain (CLC). CHC contains an amino-terminal b-propeller followed by an 40-nm-long a-helical zigzag. Three CHCs come together to form a triskelion, the principal building block of the clathrin cage. Even though superficially the combination of architectural elements is similar between CHC and Sec31, the arrangement into a cage is entirely different. Although vertices in COPII are constructed from neighboring b-propellers (Stagg et al. 2006 (Stagg et al. , 2008 Fath et al. 2007) , in clathrin, the b-propellers point inward. Instead, clathrin vertices are entirely a-helical. The edges are constructed from the a-helical zigzags of three neighboring CHCs that wrap around each other (Fotin et al. 2004 ). The 25-kDa CHC is a long helical rod that decorates the outside of the cage edges. The inner coat of clathrin contains heterotetrameric adaptor (AP) complexes (Collins et al. 2002; Heldwein et al. 2004; Owen et al. 2004 ). In function, these complexes mimic the COPII inner coat, that is, they also connect the membrane with the outer coat, and they are also involved in cargo selection. However, judged by structure and sequence, there is no apparent phylogenetic relationship between the inner coats of COPII and clathrin. As in COPII, however, a small G-protein, Arf-1, helps to recruit the AP complex to the membrane.
COPI, the third well-studied vesicle coat complex, directs Golgi-to-ER retrotransport (Nickel et al. 2002) . COPI is entirely built of multiple copies of a heteroheptameric bgdzab 0 1 unit (Sahlmüller et al. 2011) . The bgdz heterotetrameric unit has structural and sequence similarities to the AP complex, suggesting that it represents an inner COPI coat. In fact, using structural data from the AP complex, the COPI coat can be modeled with confidence (Yu et al. 2012) . A portion of the heterotrimeric ab 0 1 unit has now been crystallized (Hsia and Hoelz 2010; Lee and Goldberg 2010) . Its makeup of b-propellers and a-helical stacks suggests that it forms an outer coat. Although b-propellers are generally superimposable, a-helical stacks come in many forms, as detailed earlier for the architectural nucleoporins. The a-helical segment in the COPI outer coat bear little resemblance with the a-helical stacks found The simplest cages that can be formed in vitro for clathrin (A) and COPII vesicles (B). In both cases, the cages are built from distinct repeating units. In clathrin, three heavy (orange, blue -white) and three light chains (gray) form a triskelion. In COPII, the heterotetrameric Sec31-13 assembly forms an edge element. The repeating units can be assembled to form larger vesicles as well. (C) The NPC scaffold has not yet been reconstituted in vitro; therefore, the arrangement of its repeating units is still speculative. (D) In clathrin, three heavy (orange, blue-white) and three light chains (gray) form a triskelion. (E) In COPII, the heterotetrameric Sec31-13 assembly forms an edge element. The repeating units can be assembled to form larger vesicles as well. Owing to the close relationship with COPII elements, it is most likely that two Y-complexes (F), the main scaffolding unit, arrange symmetrically along the positive curvature of the pore membrane . Contacts between two Y-complexes might be direct or indirect. Other models have also been suggested (for a discussion, see ).
The Nuclear Pore and Coat Protein Complexes
Cite this article as Cold Spring Harb Perspect Biol 2013;5:a013375 in COPII and clathrin, which precludes definitive statements regarding their arrangement into a lattice-like cage. So far, COPI vesicles have not been analyzed using single-particle cryo-EM, because of the lack of pure, recombinant COPI coatomer complex. There are speculations as to how similar the COPI outer coat is compared with either COPII or clathrin (Lee and Goldberg 2010; Faini et al. 2012 ), but they need to be substantiated by further experimental data.
IMPLICATIONS OF VESICLE COAT ASSEMBLIES FOR THE NPC SCAFFOLD
In all vesicle coats, one can distinguish between a membrane-proximal or inner coat, and a membrane-distal or outer coat. To what extent do these principles apply to the NPC scaffold? As mentioned above, Sec16, Sec31, and four nucleoporins have the ACE1 domain in common, which is not found in either clathrin or COPI. Two of these nucleoporins, Nup85 and Nup145C, also bind open, six-bladed b-propellers just as is true for Sec16 and Sec31. In addition, in the Y-complex, the two neighboring ACE1 proteins Nup84 and Nup145C bind to each other in a way that resembles the ACE1 homotypic Sec16 and Sec31 in the COPII coat ). The main difference is that the homotypic Sec16 and Sec31 interface in COPII includes a domain swap, whereas the heterotypic Nup84 -Nup145C interaction does not. However, it is not yet clear whether those domain swaps are crystallographic artifacts or whether they are functionally relevant (Whittle and Schwartz 2010) . Regardless, it is now evident that COPII and the NPC not only have similar building blocks, but several of these are also connected in related fashion. Therefore, the relationship between the NPC and COPII is closer than its relationship with any other vesicle coat.
Of course, one has to ask how similar the NPC and vesicle coats can be, given their vastly different tasks and the different membrane geometries they need to stabilize (Fig. 5) . General considerations regarding the geometry of vesicle coats and the NPC. (A) COPII vesicle budding and NPC formation require stabilization of highly curved ER membranes. Thus, it is conceptually understandable why both systems are related. In NPC and COPII-related outer coat components (red) form a lattice-like arrangement that is connected to the membrane via adaptor proteins, the inner coat (gray spheres). Owing to significantly different task profiles of the two systems, the inner coats appear to be entirely unrelated. (B) Unlike spherical or ellipsoidal vesicle coats, the NPC coat needs to stabilize a membrane that has both positive and negative curvature. Although stabilization of positive curvature is likely similar to the COPII system, the stabilization of negative curvature is not yet understood.
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COPI, COPII, and clathrin coats all have in common that they cover spherical or ellipsoidal membrane vesicles, which only show positively curved membranes. In addition, vesicles need to assemble and disassemble rapidly and in a controlled manner. Small GTP-binding proteins, Sar1 in COPII and Arf1 in COPI and clathrin, respectively, regulate vesicle coat assembly in at least a conceptually similar way-membrane bending followed by recruitment of coat components. The NPC coat is different in geometry because the pore membrane has both positive curvature in the direction perpendicular to the INM and ONM sheets, and negative curvature in the horizontal plane of the pore . Furthermore, vesicle coats are seamless, whereas the NPC coat needs to terminate at the pore membrane periphery. This is precisely why the lattice model of the NPC, based on the evolutionary relationship with COPII, postulates that two Y-complexes interact with one another such that their respective COPII-related edge elements are aligned along the positive curvature of the pore membrane to form a bracket around the membrane ). Nup133, which does not contain an ACE1 domain, is at the nucleoplasmic and cytoplasmic periphery of the bracket, preventing further lattice propagation in those directions.
The propagation of the coats is likely selfguided and similar in all cases. All coats have stable repeating units, separated into inner and outer coat components. Whereas the inner coat components are not reported to interact with their inner coat neighbors, the outer coats all form lattice-like cages. The affinity between outer coat subassemblies is low and is typically not detected in protein -protein interaction studies. Nonetheless, because of the avidity of repeating the same weak interaction many times, stable cages do form. The molecular details of the lattice assembly can be very different, as shown by the contrast between COPII and clathrin assemblies. It seems that b-propellers and a-helical stacks are useful structural elements in all coats, but the way in which they assemble is not uniform. b-propellers can interact with partners in various ways, presumably because so many backbone hydrogen acceptors and donors are surface exposed by design of the domain. Each propeller blade exposes an unsatisfied b-strand at its edge, possibly allowing various, nonsequence-specific interactions. The a-helical stacks and their interactions are also difficult to classify and show an immense spectrum of different assemblies. In the COPII cage, for instance, Sec31 interacts with a neighboring Sec31 ACE1 domain via a small interface, whereas the triskelion legs of clathrin are intertwined over an extended distance (Fig. 4) .
The equivalent to an inner coat for the NPC is not yet evident. Sequence comparison between nucleoporins and inner vesicle coat proteins has not revealed any relationship. Other than tethering the outer coat to the membrane, the inner coat of the NPC does not have the same functions as the inner coat of vesicles. First, there is no cargo the NPC inner coat needs to interact with. Second, in contrast to vesicles, NPCs do not assemble and disassemble rapidly. NPCs typically assemble only once during the cell cycle (Antonin et al. 2008; Kutay and Hetzer 2008) . In fact, architectural nucleoporins are among the most stable proteins in the cell (D'Angelo et al. 2009; Savas et al. 2012 ). On the other hand, inner coat proteins of the NPC have potential roles that are irrelevant to vesicle coats. For instance, it is still unclear how INM proteins exactly pass the NPC en route to their destination, after membrane insertion in the ER via the Sec61 channel. If these INM proteins, in fact, stay membrane inserted during NPC passage, it is most likely that they pass through peripheral pore channels between outer coat and pore membrane (Zuleger et al. 2012) . Cryo-ET studies of the NPC clearly indicate the existence of peripheral channels 8 nm wide (Beck et al. 2007; Maimon et al. 2012) . Inner coat proteins could influence the size of these channels.
There are multiple candidate proteins for the inner coat of the NPC. The three transmembrane Nups-Ndc1, Pom152, and Pom34-are by definition involved in anchoring the NPC to the pore membrane. Nup53 might also be an inner coat component, because it interacts with the membrane directly via a well- conserved, carboxy-terminal amphipathic helix (Marelli et al. 2001) . Nup53 also binds to the Ndc1 -Pom34 -Pom152 network (Onischenko et al. 2009 ). Finally, Nup157, Nup188, and Nup192 are all inner coat candidates as well, because they are at least reported to be close to the membrane or they directly affect transport of INM proteins (Franz et al. 2005; HawrylukGara et al. 2008; Theerthagiri et al. 2010) .
CONCLUDING REMARKS
Even though it is now established that vesicle coats and the NPC coat share common features, much remains to be studied. A lattice-like arrangement of repeating building blocks with related architecture is seen in all coats as well as in the NPC, but the molecular details of the two best understood assemblies, the COPII and the clathrin coats, are quite different. For COPI and the NPC, the assembly models are still largely speculative and lack atomic detail. Thus, the exact evolutionary relationship between the known coats, as well as additional systems, like the intraflagellar transport machinery (Jékely and Arendt 2006) , remains unclear and probably holds further surprises.
The size variation that is seen in vesicle coats might be regulated differently among the COPI, COPII, and clathrin systems. For the NPC, it is not yet clear whether all pores in a given cell are identical or whether there are different assemblies. In addition, the large size variation between NPCs from different organisms might be the result of assembly from different copy numbers of architectural nups, different sets of nucleoporins, or a combination of both.
Lastly, the sharing of the Sec13 component between COPII and NPC is obviously a strong argument for suggesting common ancestry. However, it could also point to possible communication between these systems. As we become aware of more and more proteins with multiple functions, it might well be that the current view of strictly separate functions for different vesicle-coating systems and the NPC is oversimplified. It has been shown, for example, that COPI components interact with nups during nuclear envelope breakdown (Liu et al. 2003) . Thus, the study of vesicle coats and the NPC remain very active fields with still many fundamental biological questions remaining to be answered.
